I Introduction
Due to the complex cyclic and discrete loading experienced while in service, regular inspection and maintenance of aircraft is necessary to verify and maintain overall structural safety. In some cases, parts must be replaced without regard to condition due to the high stress or high fatigue experienced during operation. Alternatively, damages may develop to a critical level between inspection cycles leading to catastrophic failure. It is estimated that 20% of an aircraft's lifetime costs go into inspection and maintenance (Kessler, 2002) . The ability to diagnose the structural integrity of an aircraft has the promise to change the current inspection cycles into "condition based maintenance" and increase the use and safety of aircraft structures.
In recent years, the use of composites has increased significantly in aerospace vehicles. Airbus's recently released A380 is composed of approximately 25% composites and it is estimated that Boeing's new airliner, the Dreamliner (B787), will contain 50% structural composites. Due to their high stiffness to weight ratio, composites result in lighter aircraft and are slowly replacing traditional aluminum parts. Along with weight reduction, composites are also corrosion resistant, have improved fatigue life and can be fabricated into more form fitting designs than traditional materials. However, the laminated makeup of composites allows for possible delaminations and other internal flaws which severely decreases the material's performance. "Barely visible impact damage" in composites is a particular concern with respect to maintenance and reliability. The idea of Integrated Structural Health Monitoring (ISHM), wherein sensors/actuators are integrated with the structure itself, has therefore become of increasing interest. The goal of ISHM is to determine presence, location, type, and severity of damages within a structure. ISHM would decrease the amount of time and effort necessary to inspect a structure and would allow for real-time damage diagnosis on the ground and during flight.
The use of Lamb wave based structural health monitoring has shown promise in published research (Kessler, 2002 Kim et al., 2007) . Lamb waves are of particular interest due to the similarity between their wavelength and the thickness of composite structures generally used and their ability to travel far distances. These two features allow for detection of not only superficial but internal flaws and the ability to examine large areas. Unfortunately, it is difficult to analyze measured responses due to the multimodal and dispersive characteristics of Lamb waves propagation. Signal processing and dispersion curves have typically been used to help the damage detection process and understand the complex Lamb waves. The use of a time reversal method is a new approach developed to mitigate Lamb wave dispersion effects and increase the applicability of Lamb waves for ISHM.
Applications of the time reversal method in damage evaluation is relatively new. Initial applications for the time reversal method were aimed at increasing Lamb wave resolution by using time reversal mirrors. In this process, a Lamb wave pulse is emitted at a target and the reflected signal is recorded by an array of transducers, or time reversal mirrors. The reflected section of the received signal is reversed in time and reemitted toward the target. By repeating this procedure, dispersion and unknown material deformation is compensated for by focusing the signal. Applications using this pulse-echo technique were also able to detect flaws in inspected areas (Ing and Fink, 1998) . Later work further enhanced the time reversal method by using a pitch-catch method (Park, 2004) . In this process, a tone burst signal is actuated from one transducer and received by another. The received signal is then reversed in time and re-emitted to the original transducer where the signal is again received and reversed in time. Based on the assumption of linear reciprocity in the time reversal method, the signal due to the time reversal process and the original signal compare exactly; however, for nonlinearities introduced into the system (damage), the linear reciprocity of the system breaks down and the irregularities between the two signals indicate the presence of damage. Unlike most other health monitoring techniques, this time reversal process introduces a baseline free method for damage detection. Validation of this technique was conducted by Rose and Wang (2004) , Butenas and Kazys (2006) , and Giurgiutiu (2008) in which analytical (classical and Mindlin plate theory), numerical (FEM) and experimental testing were applied. The majority of recent work has been conducted by Sohn (2004 and applying the time reversal method to determine presence and location of damage. An enhanced time reversal method, using wavelet analysis, was developed to make the time reversal process autonomous and increase the resolution of the process. Improvements to the damage detection algorithm were made by first incorporating extreme value analysis and later enhanced by adding consecutive outlier analysis to decrease the possibility of false positive damage alerts.
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This paper presents a modified time reversal method along with a technique to enhance damage index calculations for ISHM. The health of a composite plate, containing impact damage, is experimentally investigated by integrating a piezoelectric transducer array onto the plate such that each transducer can be used as both an actuator and a sensor. Experiments were conducted using the time reversal method and a damage index was used to quantitatively classify damages. The damage index (DI) is determined by comparing the difference between the actuated wave and the structural response due to the time reversal processes. Outlying damage index values were used as basis for damage detection.
II Time Reversal Method
Current structural health monitoring techniques are often based on comparing current structural responses with baseline (healthy) response cases. Any variations from the baseline cases alert possible existence of damage. Unfortunately, operational and environmental conditions cause variations in the "healthy" response and, therefore, it is generally necessary to have baseline data for all possible operational and environmental conditions. For most structures, there exists a complex array of possible functional conditions, making it difficult to apply this techniques in practice.
The concept of using a Time Reversal Method (TRM) was first used as a means to compensate for the dispersion of Lamb waves, but has recently been applied to diagnose damage. The benefit to using a TRM instead of traditional methods is that a baseline "healthy" database is not necessary, which could help minimize false positive damage alerts due to changing environmental and operational conditions. Currently, the TRM has been successfully implemented to detect the presence and location of damage and has the potential to determine extent and type of damage.
To implement the TRM for damage diagnosis, a transducer array is setup and used in a pitch-catch arrangement (that is, a signal is actuated from one transducer and recorded at another). Each transducer must work both as a sensor and actuator, so typically Piezoelectric (PZT) transducers are used. The time reversal processes is as follows (and shown in Figure 1 ): 1. A signal is sent from transducer A and recorded at transducer B 2. The received signal at B is reversed in time (i.e., V B (t) → V B (−t)) 3. The time reversed signal is sent from B back to A where it is recorded 4. The received signal at A is time reversed and compared to the original signal For a healthy specimen, the time reversed signal (normalized with respect to its peak magnitude) at A should match exactly with the originally actuated signal (also normalized to itself). However, if any damage exists within the path between transducers A and B, the two signals are no longer identical, indicating the presence of damage. This variation from the original signal (for a damaged cases) is due to the assumption of linear reciprocity within the time reversal. For an elastic structure, the wave propagation is approximately linear for a healthy case and the TR holds. But when nonlinearities are introduced into the structure, such as a damage, the TR no longer holds and therefore the two signals do not match. 
Modified Time Reversal
In application, the time reversal method needs a complex actuator/sensor array. Although PZT transducers alleviate some of the problems associated with actuation and sensing at the same position, other complexities still exist. In particular, the hardware (power amplifier, data acquisition) necessary to support both actuation and sensing at all sensor locations is quite high. Therefore, a modified TRM was developed.
In the modified time reversal method, which utilizes the same transducer setup, some of the TRM steps are slightly modified (as denoted by bold font). Although this modified TRM is very similar to the original TRM, one benefit in particular is that only one actuator is necessary for the process. Over a large structure, instead of actuating and sensing between every transducer, only a few actuators would be necessary within the grid of sensors. Theoretically, the modified time reversal method can be validated using Mindlin plate theory as described by Wang (2003) and . 
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Damage Index
The detection of damage using the time reversal method is accomplished by comparing the input actuation signal with the signal due to the time reversal process. Deviations from the actuated signal signifies the existence of damage and is typically quantified by using a Damage Index (DI); however different methods of determining and interpreting these DI values have been used researchers. Park (2004, 2007 ) used a damage index defined by
where I(t) is the original signal, V (t) is the signal due to the time reversal process, and t 0 and t 1 deliminate the time interval over which the signals are compared. Based on this index, a DI SP = 0 represents identical signals whereas a DI SP = 1 represents dissimilar signals. This damage index focuses on shifts in frequency and changes in the overall shape of the time reversed signal since it can be shown that for I(t) = βV (t), DI SP = 0. On the 5 American Institute of Aeronautics and Astronautics other hand, Giurgiutiu (2008) uses an L 2 error norm defined by
where N is the number of data points in the signals and i and j represent the index of the discrete data sets of the time reversed signal and the actuated signal, respectively. We defined the resulting damage index as
wherein the time reversal signal is normalized using the magnitude of the transfer function (between actuation voltage and wave amplitude) for the structure. This normalization constant may be obtained theoretically (or from experiments) for the undamaged structure and used subsequently. This normalization procedure allows for the effects of attenuation to the TR signal due to interaction with damage. It is important to note that the DI values determined by the two methods would be noticeably different quantitatively due to their different normalization procedures. An experimental set-up using a quasi isotropic carbon/epoxy plate with surface bonded piezoelectric disc sensors was used to implement the TRM. Eight ply carbon/epoxy plates, in a symmetric [0/90] 2s layup, was fabricated using AS4/3501-6 pre-preg and a vacuum bag/oven curing technique and exhibits dispersive characteristics as shown in Figure 4 . A piezoelectric (PZT) actuator/sensor network was integrated onto the composite plate as shown in Figure 3 where each transducer was affixed using epoxy. The transducers have dimensions of 10mm diameter and 0.5mm thickness and the plate was tested in a cantilever set-up. Two impact damages were introduced into the plate as denoted by A and B in Figure 3 . Damage A was constant for all tests where as the damage at B was incrementally increased. For a controlled increase damage at B, a 175 g steel ball was dropped down a tube, onto B, from a fixed height of 4 ft.
III Experimental Setup
The experimental setup is as shown in Figure 5 . A National Instruments PCI 6229 data acquisition card and a BNC-2110 board were used to actuate and record Lamb waves. A QuickPack R power amplifier, made by Active Control Experts, was used to amplify 6 American Institute of Aeronautics and Astronautics the actuation signal and 3 Dual Mode Charge Amplifiers, made by Kistler, were used to amplify the signals read from the PZT sensors. 
IV Results and Discussions
Preliminary experiments were used to verify the functionality of the experimental setup. Based on the dispersion curves in Figure 4 , a toneburst of 500kHz would be optimum to mitigate dispersion of the A 0 and S 0 modes; however, due to hardware restraints, a 20kHz, 9.5 cycle tone burst with amplitude of 100V was used as the excitation signal. A series 7 American Institute of Aeronautics and Astronautics of experiments were performed in which the damage at B was incremented resulting in Baseline, Damage Level 1 and Damage Level 2 corresponding to 0 impacts, 4 impacts and 8 impacts respectively. Do to a faulty sensor at location 4, only the signal paths relating to transducers 1, 2 and 3 were used in the analysis. (Note: due to inconsistencies with the sensor bonding on the plate, response amplitude values cannot be compared between different sensors.) Each peak in the graph represents the arrival of a wavepacket and is therefore a useful way to qualitatively evaluated the signal response. As shown in Figure 6 , the increase in damage at B only affected select signal paths. With respect to signal path 2-3, the times of flight of each respective wavepacket were similar as demonstrated by the peaks at approximately 0.4ms, 1ms and 1.5ms for all three cases (as shown in Figure 6(c) ). This is as expected due to the fact that the signal between path 2-3 did not travel through the damage B. Conversely, for signal path 1-2, in which the signal did travel through damage B, the resulting signal response shifted as damage was intensified at B (as shown in Figure 6(a) ). Finally, it can be noted that the signal path between transducer 1 and 2 was not the only 8 American Institute of Aeronautics and Astronautics response that was affected by the increase in damage at B. As seen in Figure 6 (b), as the damage increased at B, the signal response characteristics also changed. This can most likely be attributed to the close vicinity of both damage A and B to signal 1-3 which both cause signal scattering.
Taking a closer look at signal 1-2, Figure 7 displays the actual response (after Wavelet denoising and feature extraction) for signals sent between transducers 1 and 2. With respect to the first wavepacket to arrive, which relates to the direct signal path between 1 and 2, little change occurred; however, for later wavepackets, variations in amplitude and arrival time were noted. This is most likely due to wave scattering due to interaction with the damage at B and is as expected. It is therefore concluded that, based on the results shown in Figures 6 and 7 , the current experimental set up is capable of detecting damages. It has been shown in the literature that the TRM is an effective method to detect damage . Of further interest is the ability of an SHM system to determine the extent of damage within a structure. A set of test cases, with incremental damage levels, were examined to determine the applicability of the TRM for evaluation of damage severity. The test cases analyzed consisted of a baseline case and three damage levels (DL) referenced as DL base , DL 1 , DL 2 and DL 3 corresponding to 0, 4, 8 and 12 impacts at B, respectively . In evaluation of the results, both damage indexes (Eqns. 1 and 3) were used.
With respect to the baseline results, as shown in Figure 8 , path 1-3 exhibits the highest DI values for both damage indexing systems. Due to the initial damage at A and healthy conditions for paths 1-2 and 2-3, this is as expected. In analyzing the effects of increased damage on the DI values, the DI results at each damage level were compared to the baseline results (by DI i /DI base where i references the damage level case) and are as shown in Figure 9 . For both damage indexing systems, it is shown that the damage index for 9 American Institute of Aeronautics and Astronautics 
V Conclusions
This paper has presented the time reversal method (TRM) to detect damage in a thin composite plate using Lamb wave. A carbon-epoxy composite plate with 8 layers of cross-ply symmetric layup was fabricated. Four PZT actuator/sensor were bonded to the plate surface. A modified procedure was developed to enhance the applicability of TRM by reducing the necessary hardware to monitor the health of a structure. A new way to normalize the time reversal signal was developed to compute the damage index. The developed normalization procedure helps capture signal attenuation due to damage. Results show excellent ability to locate the damage and indicate its severity.
